TAF6, bearing the histone H4-like histone-fold domain (HFD), is a subunit of the core TAF module in TFIID and SAGA transcriptional regulatory complexes. We isolated and characterized several yeast TAF6 mutants bearing amino acid substitutions in the HFD, the middle region or the HEAT repeat domain. The TAF6 mutants were highly defective for transcriptional activation by the Gcn4 and Gal4 activators. CHIP assays showed that the TAF6-HFD and the TAF6-HEAT domain mutations independently abrogated the promoter occupancy of TFIID and SAGA complex in vivo. We employed genetic and biochemical assays to identify the relative contributions of the TAF6 HFD and HEAT domains. First, the temperature-sensitive phenotype of the HEAT domain mutant was suppressed by overexpression of the core TAF subunits TAF9 and TAF12, as well as TBP. The HFD mutant defect, however, was suppressed by TAF5 but not by TAF9, TAF12 or TBP. Second, the HEAT mutant but not the HFD mutant was defective for growth in the presence of transcription elongation inhibitors. Third, coimmunoprecipitation assays using yeast cell extracts indicated that the specific TAF6 HEAT domain residues are critical for the interaction of core TAF subunits with the SAGA complex but not with TFIID. The specific HFD residues in TAF6, although required for heterodimerization between TAF6 and TAF9 recombinant proteins, were dispensable for association of the core TAF subunits with TFIID and SAGA in yeast cell extracts. Taken together, the results of our studies have uncovered the non-overlapping requirement of the evolutionarily conserved HEAT domain and the HFD in TAF6 for transcriptional activation.
Introduction
Transcriptional regulation of gene expression is central to all biological processes, including cell growth, embryo development and cancers. The bulk of the protein-encoding genes are regulated at the initiation step of transcription by modulating the assembly of the pre-initiation complex consisting of RNA Pol II and general transcription factors on promoters [1, 2] . TFIID complex, a central player in transcription initiation, is composed of TBP and 14 TAF subunits: TAF1 to TAF14 [3] [4] [5] . The SAGA complex is a multifunctional coactivator of transcription as a result of the presence of functionally discrete structural modules and functional modules comprising the Gcn5 histone acetyl transferase subunit and the Ubp8 histone ubiquitin protease subunit [6, 7] .
TFIID has a horseshoe-shaped structure consisting of lobes A, B and C surrounding a central cavity [8, 9] .
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Initial cryo-electron microscopy and antibody mapping experiments located TAF6 in lobes A and B in the yeast TFIID [10] . More recent cryo-electron microscopy studies of recombinant human TFIID indicated that the five TAFs (TAF5, -6, -9, -4 and -12) are present in two copies, each forming a symmetric core-TFIID [11] . Moreover, the cryo-electron microscopy structure of promoter-bound TFIID along with the specific position of TAF6 in lobe A1 has defined its intertwined roles in PIC assembly and transcription initiation [12] . Similar to TFIID, the SAGA complex overall forms a clamp-like architecture [13] . Moreover, cross-linking and proteomic approaches also identified the molecular architecture of the SAGA complex with a TFIID-like central core composed of TAF5, -6, -9, -ADA1 and -TAF12 proteins [14, 15] .
TAF6, an integral component of both TFIID and SAGA complexes, contains an evolutionarily conserved histone H4-like histone-fold domain (HFD) in the N-terminal region [16] . Crystallographic studies showed that TAF9 and TAF6 heterodimerize through the H3-like and H4-like HFDs, respectively [17, 18] . In addition, TAF6 also contains the HEAT repeat domain at its C-terminal region [19] , characterized by an array of antiparallel a helices connected through short linker sequences [20] . The TAF6-TAF9 heterodimer interacts with the downstream promoter element, comprising a part of the core promoter sequences in Drosophila and humans [21, 22] .
In humans, TAF6 has two paralogs, TAF6 and TAF6L, where TAF6 is TFIID subunit and TAF6L is a subunit of human SAGA complex [6] . Furthermore, alternative splice variants of TAF6 have been reported in humans. These TAF6 isoforms are associated with the control of apoptosis and cell cycle arrest [23, 24] . Interestingly, TAF6d has a deletion of 10 amino acid residues in its HFD, which abrogates its interaction with TAF9 and results in a TAF9-lacking complex that drives pro-apoptotic gene expression [25] [26] [27] .
Previous studies performed in Drosophila S2 cell lines suggested that the TAF6 N-terminal region bearing HFD is sufficient for TFIID stability as observed in vitro using total nuclear extracts [28] . By contrast, mutational analysis of the human TAF6-HEAT repeats showed interaction defects in the context of the TAF6-TAF9 heterodimer that led to their poor incorporation within the endogenous TFIID complex in HeLa cells [19] . However, it is unclear whether the HEAT and HFD domains perform redundant functions or have non-overlapping roles in transcriptional activation in vivo. In the present study, using yeast genetics and biochemistry, we have identified critical amino acid residues in TAF6 HFD and the HEAT repeat domain that are essential for transcriptional activation in Saccharomyces cerevisiae.
Results
The TAF6 HEAT repeat domain is required for TAF6 protein stability and cell viability
To test whether the TAF6 HEAT repeat domain is required for TAF6 functions in vivo, we carried out deletion mutagenesis of the TAF6 gene. We constructed an amino-terminal 3xHA-tagged TAF6 truncated mutant bearing amino acids 1-141 by deleting the carboxyl-terminal amino acids 142-517, which led to the removal of the entire HEAT repeat domain along with the linker region and nine amino acids from the middle domain (Fig. 1A) . The truncated construct was cloned into HIS3-based high copy and low copy vectors and transformed into S. cerevisiae strain RDY4. The strains were replica printed on to 5-fluoroorotic acid (5-FOA) containing medium and tested for the ability of the truncated taf6HEATΔ mutant plasmid to support growth in the absence of wild-type TAF6 gene. Interestingly, the low copy vector borne mutant taf6HEATΔ allele was unable to support growth of taf6Δ yeast cells (Fig. 1B) . Moreover, overexpression of the mutant taf6HEATΔ from a high copy vector also could not rescue the lethality of taf6HEATΔ mutation (Fig. 1B) . To examine the effect of the truncation mutation on TAF6 protein levels, we carried out western blot analysis using anti-hemagglutinin (a-HA) antibody to detect the amino-terminally tagged TAF6 protein. Unexpectedly, the TAF6HEATD truncated protein was undetectable in cell extracts prepared from strains bearing either high copy or the low copy TAF6 plasmids (Fig. 1C) .
We next explored whether overexpression of TAF9 gene, encoding the dimerization partner of TAF6, could suppress the lethal phenotype of taf6HEATD mutant and/or stabilize the expression of the mutant protein. We transformed high copy TAF9 plasmid into yeast strain bearing both wild-type TAF6 (in a URA3-marked vector) and the taf6HEATD mutant gene (cloned in either a low copy or a high copy plasmid) and examined cell growth upon eviction of the wildtype TAF6 plasmid in 5-FOA medium. The growth assay showed that taf6HEATD mutant yeast cells could not lose the wild-type TAF6 gene in the presence of high copy TAF9, indicating that overexpression of TAF9 could not suppress the lethal phenotype of the taf6HEATD mutation (Fig. 1D) . Western blot analysis confirmed TAF9 overexpression (Fig. 1E) . Importantly, the TAF6HEATD mutant protein was undetectable in cell extracts, even upon TAF9 overexpression, indicating that excess TAF9 is unable to stabilize the TAF6HEATD mutant protein (Fig. 1E ). Taking these results together, we conclude that the TAF6-HFD and the C-terminal region including the TAF6-HEAT repeat domain are essential for protein stability and cell viability in yeast. This is consistent with a previous study reporting that expression of mutant forms of TAF6 HEAT proteins in HeLa cells also led to instability of the TAF6 protein [19] .
TAF6 is required to support yeast growth under Gcn4 activating conditions
Our deletion analysis described above indicated that both HFD and HEAT domain are required for TAF6 function to support yeast cell growth. Past studies using a temperature sensitive mutant of TAF6 showed that HFD, middle domain and TAF6-C domain. The hTAF6 sequence also contained an additional nonconserved C-terminal extension. TAF6-HEATD construct shows the truncated region removing the entire HEAT repeats and a portion of middle domain. (B) Replica print assay of strains RDY8 (TAF6), RDY10 (low copy taf6-HEATD), RDY12 (high copy taf6-HEATD) and RDY4 with the vector control (pRS413) on SC-His plus 5-FOA medium. (C) Western blot of TAF6-3xHA from 50 lg of protein extracts of RDY8 (lanes 1-3; TAF6 Pre-FOA), RDY5 (lanes 4-6; TAF6 Post-FOA), RDY10 (lanes 7-9; low copy TAF6-HEATD, Pre-FOA) and RDY12 (lanes 10-12; high copy TAF6-HEATD, Pre-FOA). The blot was probed with a-HA antibody to detect HA-tagged TAF6 levels. (D) Replica print assay of strains RDY8 (TAF6), RDY118 (low copy taf6-HEATD + high copyTAF9) and RDY119 (high copy taf6-HEATD + high copy TAF9) and RDY4 with the vector control (pRS413) on SC-His plus 5-FOA medium. (E) Western blot of TAF6-HA from extracts of RDY8 (lanes 1 and 2; Pre-FOA), RDY5 (lanes 3 and 4; Post-FOA), RDY10 (lanes 5 and 6; low copy taf6-HEATD, Pre-FOA) and RDY12 (lanes 7 and 8; high copy taf6-HEATD, Pre-FOA), RDY118 (lanes 9 and 10; low copy taf6-HEATD + high copy TAF9), RDY119 (lanes 11 and 12; high copy taf6-HEATD + high copy TAF9), BY4741 extracts for untagged control and RDY4 with the vector control (pRS413). The blot was probed with a-HA antibody to detect HA tagged TAF6 levels and anti-Myc (a-Myc) antibody to detect Myc-tagged TAF9 levels. *non-specific band detected with anti-Myc antibody. **Expected range of the size of TAF6-HEATD truncated protein. Ponceau image is shown as a loading control.
~18% of the total yeast genome is dependent on TAF6 for transcription [29] [30] [31] [32] . However, it is not known whether the HFD and the HEAT repeat domain are required for transcriptional activation. Therefore, we conducted a genetic screen to isolate activationdefective mutations in the TAF6 HFD and the HEAT repeat domain. Multiple sequence alignment of TAF6 proteins from human, mouse, Drosophila, Schizosaccharomyces pombe and Arabidopsis thaliana showed that several amino acid residues within the HFD and HEAT domain are highly conserved (data not shown). Therefore, we performed random mutagenesis using errorprone PCR of the TAF6 gene and constructed two independent libraries designated as amino-terminal mutant (designated mN) and carboxyl-terminal mutant (designated mC) libraries to mutate the HFD and the HEAT domain independently (see Materials and methods). To identify TAF6 mutants defective in transcriptional activation by Gcn4, we screened the library for mutants that showed impaired growth upon Ile-Val starvation imposed by sulfometuron methyl (SM), an inhibitor of the isoleucine and valine biosynthetic pathway [33, 34] . We also tested the growth phenotype of the mutants at 37°C. In total, 42 clones were obtained that conferred a reproducible SM-sensitive growth defect. The growth tests showed that 20 of the mutants exhibited a very strong growth defect both in SM and at 37°C (Fig. 2) . These 20 mutants were sequenced and characterized further. The sequencing data showed that each mutant contained multiple amino acid substitutions (Fig. 3A) that mapped to the HFD and HEAT repeats, as well as to the linker TAF6 middle (TAF6-M) domain. The mN7 and mN8 mutants had five identical amino acid substitutions (N28Y, Q145L, N176S, E274D and S301P) and exhibited comparable growth defects (Fig. 2) . Genetic screen identified TAF6 mutations that impaired growth under amino acid starvation conditions. Growth phenotypes of Saccharomyces cerevisiae strains wild-type TAF6 (RDY5), gcn4D, the various mutants and strain BY4741 (positive control) were examined by a spot assay. All strains were pre-grown in YPD medium and 10-fold serial dilutions were spotted onto SC-His-Ile-Val medium either with SM (0.5 lgÁmL
À1
) or without SM (0 SM), or YPD, and growth was monitored at 30°C or 37°C.
Next, we determined the steady-state level of the 3xHA-tagged TAF6 mutant proteins by western blot analysis using cell extracts from yeast extract-peptonedextrose (YPD) grown cells at 30°C. Immunoblot analysis with a-HA antibody showed that the levels of all the TAF6 mutant proteins were not substantially different from that of the wild-type TAF6 protein, with the exception of N5 mutant (Fig. 3B) . The sequencing data showed that the N5-mutant allele contained a single amino acid substitution in one copy of the amino terminal HA tag. Therefore, the N5 mutant was subcloned into a fresh vector backbone and the phenotype was re-established.
It was of interest to identify mutations that specifically mapped to the HFD or the HEAT repeat domain. Of the 20 mutants sequenced, the mN5 had F55S, S70P and R74L mutations in the evolutionarily conserved HFD and L178P in the nonconserved linker region (Fig. 4A ). The mC14 mutant had three substitution mutations (K359E, D382V and F420Y) in the conserved HEAT repeat domain (Fig. 4A) . Accordingly, mN5 has been named TAF6-mHFD and mC14 has been named TAF6-mHEAT. We subcloned both mutant constructs into fresh vector backbone and showed that the SMand temperature-sensitive growth defects could be fully replicated in the fresh mutant strains (Fig. 4B) . Western blot analysis confirmed that the expression of the two mutant proteins TAF6-mHFD and TAF6-mHEAT was also comparable to that of the wild-type (Fig. 4C) .
Genetic interaction analysis suggests nonoverlapping functions for the HFD and the HEAT domain Wild-type TAF6, BY4741 along with the taf6 mutant alleles were grown in YPD, whole cell extracts prepared and 50 lg of this was blotted to membrane and probed with a-HA antibody to detect TAF6 protein levels and a-Gapdh antibody as loading control. elongation machinery [35] . Additionally, SAGA complex also plays an important role in transcriptional elongation [36] [37] [38] . To investigate the requirement, if any, for the TAF6 HFD and the HEAT repeat domain in the elongation processes, we examined the growth of the wild-type and the taf6 mutants, along with SAGA mutants spt20D and spt8D and the paf1D mutant as controls, in media containing mycophenolic acid (MPA) or 6-azauracil (6-AU), two inhibitors of transcription elongation step [39] . As expected from past studies on the requirement of SAGA complex and Paf1 complex for transcriptional elongation [14, 40] , the SAGA mutant strains spt20D and spt8D and the paf1D mutant strain showed very severe growth defects (Fig. 5A ). The taf6-mHFD strain, however, showed no growth defects in the presence of either MPA or 6-AU inhibitors, indicating that the HFD region is not required for bulk transcriptional elongation (Fig. 5A) . Interestingly, the taf6-mHEAT mutant was severely impaired for growth in the presence of the inhibitors, indicating that the HEAT domain is required for bulk transcriptional elongation. Thus, it appears that the HFD and the HEAT repeat domain have different roles in transcription process (Fig. 5A ).
Next, we tested whether overexpression of TAF9, TAF5 or TAF12, the core subunits of TFIID and SAGA, could suppress the growth defect of taf6-HEAT mutant and the taf6-HFD mutant. We also tested TBP overexpression because TBP recruitment is a rate-limiting step in transcription and was shown to interact directly with TAF6 [41] . Western blot analysis confirmed the overexpression of each of the TAFs and TBP (data not shown). The strains were cultured in synthetic complete (SC) medium and 10-fold serial dilutions were spotted onto SC medium with or without SM and incubated at 30°C or onto YPD plate and incubated at 37°C and as a control at 30°C. Overexpression of TAF5, but not TAF9, TAF12 or TBP, suppressed the temperature-sensitive growth defect and the SM-sensitive growth defect of the taf6- showing the location of mutations in the N5 (TAF6-mHFD) or C14 (TAF6-mHEAT) mutant proteins. In TAF6-mHFD, three out of the four mutations lie in the HFD region. F55 lies in the long central a2 helix of HFD; however, S70 and R74 lie in the short a3 helix. L178 lies in the region connecting middle domain to HEAT motifs. In TAF6-mHEAT, K359 is in H3B helix in HEAT3, D382 lies in the loop between helices H4A and H4B in HEAT4 motif, and F420 lies in the loop between H5A and H5B in HEAT5 motif. (B) Spot assay showing the SM-sensitive and temperature-sensitive (Ts¯) phenotypes of taf6 mutant strains RDY67 (taf6-mHFD), RDY68 (taf6-mHEAT) and wild-type control strains RDY66 (TAF6) and BY4741. (C) Western blot analysis of TAF6-HA in cell extracts from two independent transformants each of RDY66 (lanes 1 and 2), RDY67 (lanes 3 and 4) and RDY68 (lanes 5 and 6). The blot was probed with a-HA antibody to detect HA tagged TAF6 levels or with anti-TBP (a-TBP) as a control. Ponceau image is shown as loading control. mHFD mutant (Fig. 5B) . By contrast, overexpression of TAF9, TAF12 or TBP, but not TAF5, suppressed the temperature-sensitive growth defect of the taf6-mHEAT mutant (Fig. 5B) . The SM-sensitive growth defect of taf6-HEAT mutant, however, was not suppressed by any of these plasmids. It is conceivable that the genetic suppression of taf6-mHFD, but not taf6-mHEAT, by high copy TAF5 could be the result of an impaired interaction between TAF5 and the TAF6-mHEAT mutant proteins. Furthermore, the inability to suppress the taf6-mHFD mutant defects by TAF12 overexpression could be attributed to the requirement of the amino acid residues in TAF6-HFD for interaction with TAF12 (Fig. 5B) . This possibility is consistent with the previous report that showed an interaction between TAF6 and TAF12 proteins through their HFDs in a two-hybrid assay [42] . Taken together, these genetic results indicated nonoverlapping interactions between the core TAFs tested in the present study with the TAF6 histone fold and the HEAT domains (Fig. 5B) .
TAF6-mHFD

Requirement of TAF6 for Gcn4-dependent transcriptional activation
We next tested whether the TAF6 mutants showed a transcriptional activation defect by the master regulator Gcn4 using the UAS GCRE ::lacZ reporter fusion [43] . Cell extracts were obtained from wild-type or the various taf6 mutants treated or not with SM and b- galactosidase activity was measured [34, 44] . The UAS GCRE ::lacZ reporter expression was induced~17-fold in the wild-type TAF6 strain upon SM treatment and this induction was completely abolished in the gcn4Δ control strain (Fig. 6A) . In a majority of the taf6 mutants, the UAS GCRE ::lacZ expression was reduced by more than five-fold under the plus SM condition, with the exception of N4, C1, C11 and C13 mutants where the induction was reduced by approximately three-fold (Fig. 6A) . Under the minus SM condition, however, expression of the reporter was elevated two-fold or more in the latter four mutants relative to the wild-type level. Collectively the reporter assays showed that the amino acid residues in the HFD, middle region and HEAT repeat domain of TAF6 are essential for high level transcriptional activation by Gcn4. Next, we investigated whether the TAF6 HFD and HEAT domain mutations weaken the transcriptional activation of genes by Gcn4. Total RNA was prepared from cells cultured under SM-treated or untreated cells and the mRNA levels were quantified by quantitative RT-PCR. The mRNA levels of ARG1, TRP3, BNA1, MET28, GGC1, YLR152C, SNZ1 and YMC1 were all induced by SM to different extents in a wild-type strain (Fig. 6B) , as expected from our previous study [34] . The transcriptional activation of all genes except ARG1 was impaired in the taf6-mHFD and taf6-mHEAT mutants (Fig. 6B) , indicating that most, but not all, Gcn4-regulated genes are dependent on the TAF6 domains. Next, we assessed the requirement of TAF6 HFD and HEAT domain for transcriptional activation by Gal4. Both GAL1 and GAL7 mRNA levels were highly induced by galactose and the induction was substantially lost in both taf6 mutants (Fig. 6C) . As a control, we also assessed the induction of GAL1 and GAL7 mRNAs in the SAGA mutant spt20Δ. As expected from previous studies [45, 46] , the induction of these mRNAs was highly dependent on the Spt20 subunit (Fig. 6C) . These data showed that the TAF6 HFD and the HEAT domain are both required for transcriptional activation by two wellstudied transcriptional activators Gcn4 and Gal4.
TAF6-HFD and HEAT domain residues required for SAGA and TFIID recruitment
To gain a mechanistic understanding for the transcriptional defects caused by TAF6 HFD and HEAT mutations, we first analyzed the recruitment of the Gcn4 activator to promoters induced in SM by ChIP analysis in wild-type and the mutant strains. For the ChIP analysis, we selected the UAS regions of ARG1, TRP3, BNA1, MET28, GGC1 and YLR152C because their expression was up-regulated upon amino acid starvation imposed by SM [34] and they were also shown to be bound by Gcn4 in cells cultured in SM-containing medium [34, 47] . Indeed, the ChIP data showed a robust increase in Gcn4 occupancy at these UAS regions in wild-type cells in SM medium (Fig. 7A) . No enrichment of Gcn4 was obtained at the RPS5 and GPM1 locus. The ChIP data for the taf6-mHFD and taf6-mHEAT mutants showed that Gcn4 recruitment was not impaired (Fig. 7A) .
Next, we assessed the requirement for the TAF6-HFD and HEAT domains for promoter recruitment of SAGA and TFIID in vivo. Gcn4 actively recruits several co-activators, GTFs and RNA pol II to several target promoters including that of ARG1 promoter [34, [48] [49] [50] . Therefore, we examined the occupancy of the SAGA subunit Spt7 in wild-type and mutant strains using Spt7-Myc 13 tagged strains. Indeed, Spt7 recruitment to ARG1 UAS was induced in wild-type in SM medium; however, this induction was lost in the taf6-mHFD and taf6-mHEAT strain backgrounds (Fig. 7B) . Taken together, our results showed that, even with the substantial occupancy of Gcn4 in mutant strains, the recruitment of coactivator SAGA UAS GCRE -lacZ fusion in wild-type TAF6, gcn4D and taf6 mutant strains. Cell extracts were prepared from cultures that were uninduced or induced with 0.5 lgÁmL À1 SM and b-galactosidase activity was measured. The b-galactosidase specific activity was calculated from four independent transformants each (n = 4) for non-SM-treated and SM-treated cell extracts. The error bars indicate the SEM. The asterisks indicate significant difference between the mutants and the wild-type control under + SM using Student's t-test (*P ≤ 0.05; **P ≤ 001; ***P ≤ 0.001). (B) cDNAs from wild-type (RDY66), taf6-mHFD (RDY67) and taf6-mHEAT (RDY68) strains (with or without SM treatment) were used for quantitative RT-PCR analysis using primers for selected genes induced upon amino acid starvation along with scR1 as an endogenous control, and the data were plotted as the fold-induction (+ SM/À SM). Error bars indicate SEM (n = 3) and the asterisks indicate a significant difference between the mutants and the wild-type control using Student's t-test [*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; or nonsignificant (ns)]. (C) Wild-type (RDY66), taf6-mHFD (RDY67), taf6-mHEAT (RDY68), BY4741 and spt20D strains were grown in YP medium with raffinose and induced with galactose for 20 min. Total RNA was isolated, cDNA prepared and used for quantitative RT-PCR analysis using GAL1 and GAL7 primers with scR1 as an endogenous control, and data plotted as fold-induction (+Gal/-Gal). Error bars indicate the SEM (n = 3) and the asterisks indicate a significant difference between the mutants and the wild-type control using Student's ttest (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). 
Expression Ratio at ARG1 is dependent on TAF6-HFD and HEAT regions (Fig. 7B) . Previous studies showed that TAFs in the context of TFIID are enriched at RP gene promoters [51, 52] . Therefore, we examined TFIID recruitment on RP genes in the two mutant strains. We introduced the taf6-mHFD or the taf6-mHEAT mutations into the yeast strain bearing TAP epitope-tagged TAF1 and carried out ChIP analysis. The ChIP data showed that TAF1 occupancy to core promoter regions of RPS5 and RPS8A was impaired in the taf6-mHFD and the taf6-mHEAT strains with respect to the occupancy in the wild-type control (Fig. 7C) . Overall, the ChIP data indicated that the critical residues in the TAF6-HFD and the -HEAT domains identified in the present study are required for the robust recruitment of both SAGA and TFIID complexes to target promoters in vivo.
Structural modelling of HFD and HEAT domain with critical amino acid residues
To further understand how the amino acid substitutions in the TAF6 mHFD and mHEAT mutant proteins could lead to impaired function, we mapped the mutant residues onto structural models of the yeast TAF6 HFD and the HEAT domain. Structural models ChIP analysis of the promoter occupancy of Gcn4, TFIID and SAGA. (A) Recruitment of Gcn4 was determined at the UAS regions of Gcn4-induced ARG1, TRP3, BNA1, MET28 and GGC1 under SM-treated and untreated conditions along with Gcn4-independent RPS5 and GPM1 UAS regions by ChIP assays using anti-Gcn4 antibody. Significance was estimated with Student's t-test (n = 3). (B) SAGA complex occupancy was analyzed by ChIP assays in Spt7-Myc 13 tagged strain using anti-Myc antibody on the UAS region of ARG1 gene under SM or no-SM conditions. Error bars indicate the SEM (n = 3) and the asterisks indicate a significant difference between the mutants and the wild-type control under +SM using Student's t-test (**P ≤ 0.01). (C) TFIID recruitment was determined by ChIP analysis using TAF1-TAP tagged strain at core promoters of RPS5, RPS8A and GPM1 under non-SM treated conditions. For each analysis, enrichment values were obtained with reference to the nonspecific POL1 coding sequence region. Error bars indicate the SEM (n = 3) and the asterisks indicate a significant difference between the mutants and the wild-type control using Student's t-test [*P ≤ 0.05; or nonsignificant (ns)].
for yTAF6-HFD and -HEAT domains were created using the I-TASSER [53] and either the Drosophila TAF6-HFD [Protein Data Bank (PDB) 1TAF] or the locust TAF6-HEAT (PDB 4ATG) domain structures as templates, respectively [17, 19] . The amino acid substitutions at three positions (F55S, S70P and R74L) in the yeast TAF6-mHFD were then mapped onto the structural model. Phe55 lies in the long a2 helix, whereas the Ser70 and Arg74 lie in the short a3 helix (Fig. 8A) . The L178P mutation located in the nonconserved linker region (Fig. 8A) could not be included in the model because structural data for the middle domain and the linker domain are not available yet. Superimposition of the wild-type HFD and the mutant HFD models did not reveal any apparent differences in the mutant HFD structure (Fig. 8B) . However, the TAF6 sequence corresponding to the Drosophila TAF6 was aligned using CLUSTALW (http://www.genome.jp/tools-bin/clustalw) and the 3D structural modelling was performed using I-TASSER. yTAF6 wild-type and mutant protein sequences were used as input along with the PDB ID 1TAF of dTAF6 HFD as template [17] . All structures were analyzed and coloured using PYMOL. Mutated residues within the TAF6-mHFD protein are represented as sticks along with the wild-type counterpart. (B) The 3D structures of TAF6 wild-type and HFD mutant were superimposed using PYMOL. The overall a-helical structural features are maintained despite the mutations within the a2 and a3 helices. (C) The surface electrostatic potentials of wild-type and mutant protein are depicted in red and blue corresponding to the range from Àve to +ve. (D) TAF6 and TAF9 3D models are generated with I-TASSER and used for docking analysis with AUTODOCK, version 1.5.6 (http://autodock. scripps.edu) and LIGPLOT (https://www.ebi.ac.uk/thornton-srv/software/LIGPLOT/). The predicted interactions of mutated residues within TAF6-HFD are indicated by yellow dotted lines. The adjacent table lists the intermolecular and intramolecular contacts for clarity. (E) TAF6 HEAT region sequences corresponding to Antonospora locustae ortholog were aligned using CLUSTALW and the 3D structural modelling was performed with I-TASSER. yTAF6 wild-type and mutant protein sequences were given as input files along with the PDB ID 4ATG of locust TAF6 HEAT domain as template [19] . All structures were analyzed and coloured using PYMOL. Mutated residues within the TAF6-mHEAT protein are represented as sticks along with its wild-type counterpart. The HEAT domain helix 6A was not found in the A. locustae TAF6 HEAT domain crystal structure, although it was predicted based on secondary prediction and is indicated by double asterisks. (F) The surface electrostatic potentials of wild-type and mutant protein are depicted in red and blue corresponding to the range from negative to positive. Interestingly, the conserved electrostatic patch on the surface of TAF6-HEAT region, depicted as large blue zone, is preserved in mutant protein.
R74L mutation led to a shift in the surface electrostatic charge from overall positive to negative in the mHFD model (Fig. 8C) .
The three mutant residues correspond to residues Phe61, Asp76 and Lys80, respectively, in dTAF6 and, accordingly, were mapped onto the dTAF6 crystal structure [17] . Phe-61 is involved in intramolecular interactions and heterotetrameric contacts within TAF6-TAF9 subcomplex and the Asp76 is involved in TAF6-TAF9 heterodimeric interactions [17] . The Lys80 residue is engaged in heterotetrameric interactions within TAF6-TAF9 subcomplex [17] . Thus, the TAF6 Phe55, Ser70 and Arg74 residues that are well conserved in most eukaryotes, except Ser70, which is not conserved in higher eukaryotes, could significantly impact intramolecular, heterodimeric and heterotetrameric interactions of yTAF6 in the context of the TAF6-TAF9 subcomplex in TFIID and SAGA.
To clarify the effects of mutations on interaction dynamics between TAF6 and TAF9, we constructed a structural model for the yeast TAF9 HFD, the TAF6 partner, using the dTAF9 HFD crystal structure, and generated an in silico heterodimeric structural model comprised of the wild-type TAF6-TAF9 heterodimeric HFDs (Fig. 8D) . Mapping the interaction surfaces onto the yTAF6-TAF9 heterodimeric model indicated that F55, S70 and R74 residues make extensive intramolecular contacts within TAF6, suggesting that they could stabilize the overall TAF6-TAF9 dimer. Additionally, other interacting residues are also shown to make stable interactions within the TAF6-TAF9 dimer (Fig. 8D) . Thus, the HFD mutations could have significant impact on TAF6-TAF9 interactions.
Next, we constructed in silico models for the yeast TAF6 HEAT domain bearing the wild-type and the mHEAT mutations using the Antonospora locustae TAF6 HEAT domain crystal structure (Fig. 8E) . The amino acid substitution K359E lies in helix 3B, D382V in the loop connecting helix 4A and 4B, and F420Y in the loop connecting helix 5A and 5B (Fig. 8E) . These residues Lys359, Asp382 and Phe420 correspond to Asp278, Asp301 and Gly340 in the A. locustae TAF6 HEAT repeat domain. Interestingly, of these three residues, the yeast Asp382 residue is evolutionarily conserved in the TAF6 HEAT domain sequences from S. pombe, Caenorhabditis elegans and Homo sapiens (both in TAF6 and TAF6L), indicating that the D382V change could be important for TAF6 HEAT domain function. The 3D structures of TAF6 wildtype and HEAT mutant proteins were aligned using PYMOL (Schr€ odinger, LLC, New York, NY, USA) and observed that the overall structural features of HEAT helices are maintained (data not shown). Interestingly, the conserved positive surface electrostatic patch comprised of positively charged residues present in HEAT domain a helices H2B to H4A, previously implicated in TFIID assembly and function [19] , was maintained in the mHEAT mutant protein as well (Fig. 8E) . Overall, based on the structural modelling of the mHFD and mHEAT mutants, we hypothesize that the critical amino acid residues identified in the present study could impair TAF6-TAF9 heterodimerization leading to impaired function of the two TAF6 complexes.
Amino acid residues in the TAF6 HFD required for interaction with TAF9
To test whether the point mutations in the TAF6-HFD had an effect on the TAF6-TAF9 heterodimerization, we carried out in vitro pull-down assays. We expressed full length proteins containing either wild-type TAF6 or the TAF6-mHFD bearing the mutations F55S, S70P, R74L and L178P as glutathione S-transferase (GST) or maltose binding protein (MBP) fusion proteins in Escherichia coli. Using GST-TAF9 as bait, we found that the wild-type TAF6, but not the TAF6-mHFD mutant, was pulled down from the E. coli lysates (Fig. 9A, lanes 4-5 versus lanes  6-7) . Moreover, in reverse pull-down assays using MBP-fusion proteins as bait, only the wild-type TAF6, and not the mHFD mutant, could pull-down TAF9 (Fig. 9A, lanes 8-9 versus lanes 10-11) . The negative control GST alone did not interact with MBP-TAF6 (Fig. 9A, lane 12) . We also cloned and expressed wildtype and the mutant TAF6 as GST fusion proteins and conducted pull-down assays with MBP-TAF9 lysate. Here also, we found that only the wild-type and not the mutant TAF6 efficiently pulled down TAF9 (Fig. 9B) . Indeed, we confirmed the identity of the pulled down proteins by western blotting using antibodies against TAF6 and TAF9 (Fig. 9C) . Quantification of the Coomassie-stained bands showed a statistically significant interaction of TAF9 with wild-type TAF6, although this interaction was lost in the mHFD mutant (Fig. 9D) . Taken together, these results demonstrate that the amino acid residues F55, S70, R74 and L178 in the HFD are essential for in vitro interaction of TAF6 with TAF9 in a full-length context.
Mutations in the HEAT repeat domain differentially affect the integrity of TFIID and SAGA complexes
To test whether the TAF6 mutations impact the association of TAF6, TAF5 and TAF9 with the TFIID and SAGA complexes, we conducted coimmunoprecipitation analysis of TFIID (TAF1-TAP) and SAGA (SPT7-TAP) using whole cell extracts from 3xHA-tagged wild-type or the taf6 mutant strains. The immunoprecipitated samples were then analyzed by western blotting using various antibodies. In the TFIID coimmunoprecipitation, TAF5, 1-3) showing the expression levels of GST and MBP tagged TAF9 and TAF6 proteins, respectively. In vitro interaction assay using GST-TAF9 as bait protein with MBP tagged TAF6 (lanes 4 and 5) and TAF6-mHFD proteins (lanes 6 and 7) as prey. Reverse in vitro interaction assay using MBP-TAF6 as bait with GST-TAF9 prey (lanes 8 and 9) and MBP-TAF6-mHFD as bait with prey GST-TAF9 (lanes 10 and 11). As a control, GST protein alone was used as a bait in a pull-down reaction with MBP-tagged TAF6 (lane 12). (B) Input samples (lanes 1-3) showing the expression levels of MBP and GST tagged TAF9 and TAF6 proteins, respectively, used in a reciprocal pull-down experiment. An in vitro interaction assay using GST tagged wildtype TAF6 protein as bait with prey MBP-TAF9 (lanes 4 and 5) and GST-TAF6-mHFD as bait with prey MBP-TAF9 (lanes 6 and 7). (C) Western blot analysis of in vitro pulldown of recombinant TAF9 and TAF6 proteins from E. coli lysates. Interaction assay of MBP-TAF6 as bait with prey GST-TAF9 (lanes 1 and 2) and MBP-TAF6-mHFD with prey GST-TAF9 (lanes 3 and 4) . In a reverse pull-down assay, GST-TAF9 was used as bait and MBP-TAF6 (lanes 5 and 6) or MBP-TAF6-mHFD as prey (lanes 7 and 8). As a control, GST alone was also used pull-down MBP-TAF6 (lane 9). The blot was probed with the indicated primary antibodies. (D) Graph displaying the different amounts of GST or MBP TAF9 recovered as a complex with either MBP or GST tagged TAF6 or TAF6-mHFD as bait, assessed by quantification of TAF6 and TAF9 from Coomassie-stained gels using the IMAGEJ (NIH, Bethesda, MD, USA). Error bars indicate the SEM. Asterisks indicate a significant interaction defect between WT TAF6 and TAF9 compared to mutant TAF6-mHFD and TAF9 using Student's t-test (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).
TAF6, TAF9 and TAF12 subunits were immunoprecipitated with TAF1-TAP from wild-type extracts (Fig. 10A) . The control anti-GAPDH antibody probe did not detect GAPDH in the immunoprecipitated sample, confirming the specificity of our assay conditions. Interestingly, immunoprecipitation of TFIID from the HFD and the HEAT repeat mutant extracts also resulted in comparable coimmunoprecipitation of TAF5, TAF6, TAF9 and TAF12 with TAF1-TAP (Fig. 10A) . These results indicated that the key TAF subunits analyzed in the present study are associated with TFIID both in the context of the TAF6-mHFD and the TAF6-mHEAT mutant proteins.
Next, we examined the association of the same TAFs with the SAGA complex. Accordingly, we HAtagged the wild-type and mutant TAF6 in the background of SPT7::TAP strain. Immunoprecipitation of SAGA using Spt7-TAP efficiently pulled down TAF5, TAF6, TAF9 and TAF12 as expected from wild-type extracts (Fig. 10B) . The association of TAF5, TAF6-mHFD, TAF9 and TAF12 with Spt7 was unaffected in the HFD mutant (Fig. 10B) , whereas, unexpectedly, their association with the Spt7 was substantially reduced in the HEAT domain mutant (Fig. 10B) . Taken together, these results showed that mutations in the HEAT repeat domain identified in the present study impacted the association of the core TAF5-TAF6-TAF9-TAF12 subunits with the SAGA complex.
Discussion
The TAF proteins are essential subunits of the general transcription factor TFIID that is required for the assembly of pre-initiation complex composed of RNA pol II and other GTFs. However, TAFs also appear to be required for the elongation [35] and the reinitiation [54] 
B
I n p u t U n t a g I n p u t SPT7 TAF5 TAF6 GAPDH TAF9 KDa KDa U n t a g I n p u t U n t a g U n t a g I n p u t I n p u t U n t a g I n p u t U n t a g Coimmunoprecipitation of (A) TAF1-TAP from strains RDY80 (TAF6), RDY84 (taf6-mHFD) and RDY88 (taf6-mHEAT), as well as Spt7-TAP from RDY81 (TAF6), RDY85 (taf6-mHFD) and RDY89 (taf6-mHEAT), along with their untagged controls RDY66 (TAF6), RDY67 (taf6-mHFD) and RDY68 (taf6-mHEAT), was conducted using IgG-Sepharose beads. Approximately 50 lg of the input cell extracts and two-fold serial dilutions of the immunoprecipitated samples were resolved in 6-12% SDS/PAGE, transferred to Hybond ECL membranes (GE Healthcare Biosciences Ltd., Kowloon, Hong Kong) and then blots were probed with the indicated antibodies. The image is a composite blot from a representative experiment, except that the TAF12 blots in TAF1 and SPT7 immunoprecipitations are from separate experiments.
the evolutionarily conserved carboxyl-terminal domain in TAF9 is also critical for activated transcription in yeast [34] and in chicken and human cells [55, 56] . Previous studies have shown that mutations within the TAF6 HFD reduced bulk transcription in yeast [31, 32] . Moreover, the C-terminal HEAT domain was required for a productive interaction in vitro with TAF9 in a manner mediated by TAF5 [19] . However, a role for the TAF6 HEAT repeat domain in transcription in vivo was not known previously. In the present study, using an unbiased genetic screen combined with genetic and biochemical assays, we have identified a large number of TAF6 mutations in the evolutionary conserved HFD and the HEAT domain that abrogated transcriptional activation by Gcn4 and Gal4. Using the two TAF6 mutants bearing amino acid substitutions in either the HFD (mHFD) or the HEAT domain (mHEAT), we have shown that these amino acid residues are essential for transcriptional activation. Indeed, both mHFD and mHEAT mutants impaired promoter recruitment of TFIID and SAGA. Although, the mHFD mutations impaired the interaction of TAF6 with TAF9 in vitro (Fig. 9) , the mHFD TAF6 and other core TAF subunits were stably associated with both TFIID and the SAGA complex in cell extracts (Fig. 10) , indicating that the interaction of TAF6 with the complexes is stabilized by multiple interactions involving other TAFs or TAF-like proteins. Although the three substitutions F55S, S70P and R74L do not appear to cause any major alterations in the TAF6 HFD structure based on molecular modelling (Fig. 8B) , the corresponding residues in dTAF6 were shown to be involved in heterodimeric or heterotetrameric interactions within the dTAF6-dTAF9 dimer [17] . However, the substitution mutations altered the surface electrostatic charge of the TAF6-TAF9 dimer. We suspect that perhaps the ensuing structural alterations could be responsible for the impaired interaction between the HFDs of TAF6 and TAF9.
Interestingly, the mHEAT mutant although did not affect interaction of the mutant TAF6 or other core TAFs TAF5, TAF9 and TAF12 with TFIID (Fig. 10A) , their association with the SAGA complex was specifically impaired (Fig. 10B) . In this context, the human TAF6 HEAT domain appears to be located in the proximity of the TAF5 WD-40 domain in the TFIID structure [11] . Moreover, the TAF6 HEAT domain and the TAF5 WD40 domain showed a direct physical interaction in S. pombe [57] . It is noteworthy that the TAF6 HEAT domain mutations identified in the present study are distinct from those analyzed by Scheer et al. [19] , indicating that the TAF6-TAF9-TAF5 interactions involve several critical amino acid residues.
Molecular structure of promoter-bound human TFIID complex obtained by cryo-electron microscopy suggested that HFD of TAF6 is flexibly attached to TFIID and is not critically important for the structural integrity of the core TFIID complex [12] . Indeed, the human TAF6 isoform TAF6d, even lacking residues within the HFD region, could stably integrate into an active TFIID complex [25] . This is also consistent with our finding that TAF6 HFD mutant does not affect the overall integrity and stability of the core complex within TFIID and SAGA but abrogates its interaction with TAF9. The cryo-electron microscopy images also revealed the precise location of TAF6 HEAT repeats in lobe C of the TFIID complex [12] . Interestingly, TAF6 HEAT domain appears to homodimerize within TFIID and thus could effectively bridge the promoter interacting TAFs (TAF1, -2 and -7) with lobe B [12] .
The results of the present study suggest that the HFD and HEAT domains are both independently required for TAF6 function. The HFD interactions between TAF6 and TAF9 would be permissive for TAF6-TAF9 dimer interactions with downstream promoter DNA [54, 58] . The cryo-electron microscopy structure of human TFIID suggests that the HEAT domain could make self interactions within the complex and, being proximal to TAF5, could play an essential role in anchoring the core TAF subunits to SAGA and TFIID. In the future, it would be interesting to determine how the several point mutations in the HFD and the HEAT domain that we have isolated could impact the overall subunit interactions within TFIID and SAGA. Finally, homozygous TAF6 mutant bearing mutations in the HFD was shown to be linked to Cornelia de Lange syndrome patients [59] , as well as with patients having neurological disorder [60] . Thus, structure-function studies in yeast have the potential to uncover the molecular mechanism of TAF6 malfunctions in human diseases.
Materials and methods
Strains, plasmids and oligonucleotides
The strains, plasmids and oligonucleotides used in the present study are listed in Tables S1-S3.
Media and growth conditions
Saccharomyces cerevisiae strains were cultured in SC medium containing 1. 
Error-prone PCR mutagenesis and gap repair cloning of TAF6 mutants
Random mutations were introduced into the TAF6 gene by error prone PCR using Taq DNA polymerase [61] and cloned in vivo by a gap-repair method as described previously [34] , with the exception that linearized plasmid pRD5 as template DNA and primer pairs ON550/ON552 and ON551/ON556 were used at 0.4 lM each for the N-mutant library and the C-mutant library, respectively. The plasmid pRD5 was gapped by digesting with XhoI and SalI for the N-terminal and with SalI and AflII for the C-terminal mutant library construction. Gapped vector backbones and the PCR amplified DNA were mixed at a molar ratio of 1 : 3 and transformed [62] into yeast strain RDY4. To identify taf6 alleles, the URA3-marked TAF6 plasmid F471 was shuffled out from yeast strain on 5-FOA containing medium. A total of 6000 transformants was screened (3000 for each mutant library), resulting in a total of 42 potential candidates; 19 and 23 from N-and C-mutant libraries respectively. The mutant taf6 plasmids were rescued, retransformed into strain RDY4 and retested. A total of 20 candidates showed a reproducible SM and temperaturesensitive growth phenotype.
Total RNA isolation and real-time PCR analysis
Total RNA was isolated by the hot-phenol method [63] . Approximately 20 mL of yeast cells were grown until D 600 of 0.5-0.7 was reached and then they were rapidly harvested by filtration on 0.2 lm membrane filters. Cells were resuspended in TES buffer (10 mM Tris, pH 7.5, 10 mM EDTA, 0.5% SDS) and an equal volume of acidic phenol.
The suspension was incubated at 65°C for 20 min, followed by a second acid phenol extraction and single chloroform extraction. Extracted RNA was ethanol precipitated with sodium acetate and pelleted by centrifugation. RNA pellets were washed with 70% ethanol, air dried and resuspended in RNase-free DEPC water. Approximately 500 ng of total RNA was treated with DNaseI kit Amplification grade (Invitrogen, Carlsbad, CA, USA) and was synthesized into cDNA using an ABI High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) using universal primers in accordance with the manufacturer's instructions. All cDNAs were diluted 1 : 40 for quantitative PCR assays using SYBR green chemistry in an ABI 7500 Fast quantitative real-time PCR system (Applied Biosystems) in accordance with the manufacturer's cycling conditions. Gene-specific quantitative PCR was performed in triplicates using primers near the 3 0 end of the gene. The PolIII transcribed scR1 RNA was used as the endogenous control as described previously [34] . The concordant data were averaged from two biological replicate RNA preparations and relative gene expression was calculated using the 2 DDCT method [64, 65] .
Immunoprecipitation assay
The various strains were cultured in 250 mL of YP medium with 2% glucose until D 600 of 2-2.5 was reached [66, 67] . The cells were collected by centrifugation, lysed by bead beating using glass beads in lysis buffer (100 mM Tris-Cl, pH 7.9, 250 mM ammonium sulphate, 1 mM EDTA, 10% glycerol) supplemented with protease inhibitors and then lysates were cleared by centrifugation. Approximately, 4 mg of the whole cell extract was incubated for 3 h at 4°C with IgG-Sepharose beads, which were pre-blocked with sheared calf thymus DNA for 1 h before incubation with cell extracts. The beads were washed and bound proteins were eluted twice with the elution buffer. The samples were resolved on 6-12% gradient SDS/PAGE and then proteins were transferred to polyvinylidene difluoride membrane and probed with a-PAP (to detect TAP tag), rabbit polyclonal antibodies against TAF9, TAF5, TAF12 and GAPDH, and mouse 12CA5 a-HA antibody.
In vitro pull-down assay
Recombinant GST and MBP fusion proteins were expressed in BL21 or BL21 (DE3) respectively. Cells were harvested by centrifugation and washed with 19 PBS buffer (150 mM NaCl, 15 mM NaPO 4 , pH 7.4) supplemented with 5 mM dithiothreitol and EDTA-free complete protease inhibitor cocktail (Sigma, St Louis, MO, USA). MBP recombinant cells were harvested by centrifugation and washed with 19 Tris-EDTA buffer (150 mM NaCl, 15 mM NaPO 4 , pH 7.4) supplemented with EDTA-free complete protease inhibitor cocktail (Sigma). Cells were lysed by sonication, cleared lysates were obtained by centrifugation, and proteins were resolved by SDS/PAGE. E. coli lysates containing~1 or 3 nmol of the GST-or MBP-tagged bait proteins, respectively, were added to glutathione (GSH)-Sepharose 4B (GE Healthcare, Little Chalfont, UK) or amylose resin (New England Biolabs, Beverly, MA, USA), respectively, and mixed for 3 h at 4°C. The beads were washed three times to remove any unbound bait proteins and mixed for 3 h at 4°C with~1 nmol of each prey protein, or the controls GST or MBP alone in their respective buffers. Beads were again washed three times with binding buffers in accordance with the manufacturer's instructions and fusion proteins were eluted with 10 mM reduced GSH or 10 mM maltose, respectively, for GSH-Sepharose 4B and amylose resin. The eluates and the input samples were resolved on 6-12% polyacrylamide gradient gels and stained with Coomassie brilliant blue to visualize the protein bands. The pull-down samples were also transferred to nitrocellulose membrane for western blotting and probed with the indicated antibodies using ECL Plus reagent (GE Healthcare).
ChIP
Chromatin extracts were prepared essentially as described previously [36, 68] . For immunoprecipitation reactions, Protein G-Sepharose beads (GE Healthcare) were washed with 19 PBS. Then, 12.5 lg of anti-Myc antibody or 12.5 lg of anti-Gcn4 antibody, per immunoprecipitation, was prebound to 12.5 lL of beads for 2 h at 4°C, followed by washing and incubation with chromatin extracts for 2 h at 4°C. For the TAP tagged ChIP assay, IgG-Sepharose beads (GE Healthcare) were blocked with 1 mgÁmL À1 BSA and incubated with chromatin extracts for 2 h at 4°C. The immune complexes were washed for 3 min each at room temperature and eluted in 200 lL elution buffer and DNA purified as described previously [48] . The purified immunoprecipitate and input total DNA were resuspended in 0.19 Tris-EDTA and used for the PCR analysis. The input total DNA was diluted 10 000-fold and the immunoprecipitation DNA samples were diluted between approximately two-and five-fold and used for quantitative real-time PCR with SYBR green chemistry. All primers used for the quantitative PCR had an amplification efficiency of at least 1.9 AE 0.06. The fold enrichment was calculated by the 2 ÀDDCT relative-quantitation method [64, 65] and as described previously [34] . The RPS5, RPS8 and GPM1 core locus were analyzed using the absolute relative quantitation method [64, 65] .
Antibodies
The antibodies used for the western blot analysis were: mouse polyclonal a-HA clone 12CA5 [69] , mouse monoclonal anti-c-Myc clone 9E10 (catalog no. 11667203001; Roche, Basel, Switzerland), anti-PAP antibody, rabbit polyclonal TBP [70] , and anti-TAF5, anti-TAF6 and anti-TAF12 antibodies [71] .
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